Background: In this study, a combination of recombinant adenoviral p53 (rAd-p53) gene therapy and intra-arterial delivery of chemotherapeutic agents for treatment of oral squamous cell carcinoma was evaluated. Methods: In total, 99 patients with stage III or IV oral carcinoma who had refused or were ineligible for surgery were enrolled in a randomized, placebo-controlled, double-blind, phase III clinical trial. They were randomly assigned to group I (n = 35; intra-arterial infusion of rAd-p53 plus chemotherapy), group II (n = 33; intra-arterial infusion of rAd-p53 plus placebo chemotherapy), or group III (n = 31; intra-arterial infusion of placebo rAd-p53 plus chemotherapy).
Background
Oral cancer is a major global health problem with 300,000 new cases diagnosed each year. Alcohol and tobacco remain prominent etiologic factors in oral cancer [1] , but high-risk human papillomavirus (HPV) has emerged as an important etiologic agent [2] . Several potentially curative surgical and non-surgical treatment options exist for patients with oropharyngeal cancer [3, 4] , but treatment selection (chemoradiotherapy and primary surgery) is complex, reflecting the need for primary tumor and nodal disease control to be balanced against preservation of function and minimizing long-term toxicities. Despite advances in treatment with surgery, radiotherapy, and chemotherapy, this aggressive epithelial malignancy is associated with severe morbidity, and patients have a long-term survival rate of less than 50% [5, 6] . Treatment failures mainly involve development of second primary tumors in patients with early stage disease (stages I and II), and local recurrence and metastases in patients with locally advanced disease [7, 8] . New approaches are urgently needed to improve the outcomes of patients with oral cancer.
Gene therapy with wild-type human tumor suppressor p53 (wt-p53) is a promising treatment strategy for some malignant tumors [9] [10] [11] [12] . The wt-p53 protein is a primary mediator of cell cycle arrest, DNA repair, and apoptosis. The mutation and inactivation of p53 may be a crucial event in the origin and progression of head and neck carcinoma [13] [14] [15] , and potentially contributes to the development of drug resistance in tumors of epithelial origin [16] . The incidence of p53 mutation is approximately 31% in squamous cell carcinoma (SCC) [17, 18] . Introduction of the wt-p53 gene inside tumor cells may restore tumor suppressor functions and improve treatment outcomes in some patients [12, 15, 19] . Reintroduction of wt-p53 has been accomplished with recombinant adenoviral p53 (rAd-p53) [20] . Adenoviral delivery of wt-p53 results in strong wt-p53 protein expression in tumor cells, with minimal hematopoietic toxicity [10, 11, 13, 14, 17, [19] [20] [21] [22] [23] [24] [25] [26] [27] . Clinical trials have demonstrated that rAd-p53 is effective against a variety of malignancies [10, 11, [13] [14] [15] 17, [19] [20] [21] [22] [23] [24] [25] [26] [27] . Routes of administration typically used for rAd-p53 are intratumoral injection, perfusion, and intravenous infusion [15, [28] [29] [30] [31] [32] [33] . Although intratumoral rAd-p53 combined with radiotherapy has led to higher rates of locoregional control [34] , and rates of complete response (CR) were up to 75% of patients by 12 weeks in a phase II study [32, 33] , rAd-p53 alone has led to CR in only a few cases [12, 28] . Although intratumoral injection delivers the recombinant adenovirus to its target, the spread of the recombinant adenoviral vectors from the injection site is minimal [35] .
Several studies have examined the use of selective intra-arterial infusion of chemotherapy for head and neck cancers [36] [37] [38] [39] , and suggest modestly higher responses or at least non-inferiority [39] [40] [41] . Potential benefits of intraarterial infusion include more precise delivery to the target organ, potentially wider dissemination in the tumor than occurs with intratumoral injection, and fewer systemic side effects [39] . Intra-arterial chemotherapeutic administration can also provide high response rates and acceptable palliative treatment without surgery or radiotherapy in elderly patients [39] . Because a high concentration of rAd-p53 can be delivered to an oral tumor through intraarterial infusion with minimal systemic toxicity, the aims of this randomized, placebo-controlled, double-blind, phase III clinical trial were to compare the efficacy and safety outcomes of intra-arterial infusion of combined rAd-p53 and chemotherapeutic drugs with those of the single treatments individually for treatment of oral carcinoma. This study also assessed the expression of p53 and two transcriptional targets, Bax and Bcl-2, in the biopsy specimens, using immunohistochemical analysis.
Methods

Patient selection and randomization
This randomized, placebo-controlled, double-blind, phase III pilot study of intra-arterial rAd-p53 with or without chemotherapy recruited 248 patients with advanced oral SCC between 2003 and 2007 from a single center (West China Stomatology Hospital). The study center was not a specialist referral center. Diagnosis of advanced disease (stages III and IV) was performed by three independent physicians experienced in oral and craniofacial surgery using World Health Organization (WHO) head and neck malignant tumor classification criteria, including patients' clinical performance, clinical examination, and computed tomography/magnetic resonance imaging (CT/MRI). These stage III or IV oral cancer patients were ethnic Chinese from five provinces in southwest China, reflecting a wide geographic area, and they had refused or were not eligible for surgical treatment.
Of the patients assessed, 149 patients were excluded for one or more of the following reasons: 1) systemic disease; 2) adenocarcinoma; 3) history of other treatments; 4) financial or logistical barriers to completing the trial; and 5) refusal of informed consent. Specifically, 68 patients were excluded for severe systemic disease (32 with cardiovascular disease, 15 with chronic obstructive pulmonary disease, 16 with hematologic disorders, 3 with liver dysfunction, and 2 for other reasons); 33 patients had received previous cancer-related therapy; 12 patients refused treatment for financial reasons; 17 patients had adenocarcinomas; and 19 patients did not give informed consent.
This left 99 treatment-naive patients with advanced SCC (29 stage III, 70 stage IV) to be enrolled in the study, and they were randomly assigned to three treatment groups: group I (n = 35; rAd-p53 plus chemotherapy); group II (n = 33; rAd-p53 plus placebo chemotherapy); and group III (n = 31; placebo rAd-p53 plus chemotherapy). Patients were randomized to the groups in a 1:1:1 ratio by using SAS 9.0 to generate a list of sequential numbers randomly from a permuted-block randomization procedure with a block size of 9 (SAS 9.0; SAS Institute, Cary, NC). Group III received the current standard chemotherapeutic drugs used as non-surgical treatment in our institution, with the modification of intra-arterial instead of intravenous infusion. A flow diagram of the study is shown in Figure 1 .
No patients had undergone prior cancer treatment, and none had uncontrolled infections or immunodeficiency disease. Patients returned for periodic post-treatment physical examination, with follow-up by phone and mail, reflecting our standard practice.
Ethics approval
All enrolled patients provided written informed consent. The study was approved by the Institutional Review Board of State Key Laboratory of Oral Disease, West China School of Stomatology, Sichuan University, and was performed in accordance with Good Clinical Practice (GCP) guidelines for clinical trials, and according to the tenets of the Declaration of Helsinki.
Selective intra-arterial infusion of rAd-p53 and/or chemotherapeutic agents
The recombinant adenoviral p53 (Gendicine™; ShenZhen SiBiono GeneTech, Shenzhen, PR China) is a recombinant human serotype 5 adenovirus in which the E1 region is replaced by a human wild-type p53 expression cassette [42, 43] . The p53 gene is driven by a Rous sarcoma virus promoter with a bovine growth hormone poly(A) tail.
The recombinant adenovirus is produced in human embryonic kidney 293 cells grown in a bioreactor. Virus produced from the bioreactor is further processed and chromatographically purified.
Recombinant adenoviral p53 was stored at −70°C at a concentration of 1 × 10 12 virus particles (vp) per 2 ml ampoule. Frozen rAd-p53 was thawed, diluted in 8 ml normal 0.9% NaCl solution (10 ml total volume) at room temperature, and 10 ml were administered over a period of 20 minutes within 1 hour after thawing and dilution. Chemotherapeutic agents for treatment of SCC were carboplatin, bleomycin, and methotrexate. Intra-arterial infusion protocol (timing, volume, and administration) was identical in all three groups for active or placebo treatment. Saline solution was used for placebo infusions in groups II (placebo chemotherapy) and III (placebo rAd-p53).
The temporal region was anesthetized locally, and a long-term catheter was advanced retrogradely into the superficial temporal artery until the tip reached the opening of the main feeder artery arising from the external carotid artery. After catheterization was confirmed by infusion of methylene blue tracer, an indwelling arterial pump was implanted subcutaneously in the temporal region. Patients with advanced primary tumors that had spread to the contralateral side received bilateral catheterization. All treatments (rAd-p53 and chemotherapeutic agents, and placebo), were administered by means of an arterial pump. The same indwelling arterial pump was used to deliver gene therapy (20 minutes) and/or chemotherapy (2 hours for carboplatin; 30 minutes for bleomycin and for methotrexate). The patients' vital signs were monitored during administration.
Patients in groups I and II received 10 cycles of rAd-p53 infusion within 6 weeks. The selected dose of rAd-p53 was delivered over 20 minutes via 10 ml syringes once every 4 days. The rAd-p53 doses were 1 × 10 12 or 2 × 10 12 vp per patient for unilateral or bilateral catheters, respectively. The rAd-p53 doses remained the same throughout the study. Patients were closely monitored for 4 hours after each rAd-p53 administration. Patients in group III received placebo rAd-p53 (saline solution) using this protocol, while those in group I received two courses of combination chemotherapy identical to that given to group III, and those in group ii received placebo chemotherapy (saline solution) using the identical protocol. The first combination chemotherapy began 2 days after the first rAd-p53 infusion. The treatment periods were separated by a 7-day break. After infusion, the catheter was filled with 2000 U heparin to prevent coagulation.
At the end of the study, some patients had become potential candidates for surgery or radiotherapy. Patients who experienced post-treatment recurrence during follow-up were given additional radiotherapy for salvage. To avoid a confounding effect of surgery on the outcomes of the three groups, post-treatment outcomes were assessed prior to local management or salvage therapy. Thus, the post-treatment outcomes of this study were not affected by these subsequent interventions.
Evaluation of therapeutic effects and toxicities
We evaluated the therapeutic responses of the primary tumor lesion by clinical examination (for lip carcinomas), or by CT or MRI (for other oral carcinomas). Once the initial scan revealed response, a follow-up scan was performed within 1 month to verify response. Treatment results were assessed as follows: 1) CR: disappearance of all tumor masses for at least 1 month; 2) partial response (PR): a decrease of 50% or more in the diameter product (largest diameter × perpendicular diameter) of the measurable tumor for at least 1 month; 3) stable disease (SD): a decrease of less than 50% or an increase of less than 25% in the diameter of the lesion; and 4) progressive disease (PD): an increase of greater than 25% in the diameter product, or the development of a new lesion. Toxicities and adverse clinical events, such as fever, chill, nausea, diarrhea, vomiting, fatigue, and myalgia, were evaluated and recorded, in accordance with the guidelines from the National Institute for the Control of Pharmaceutical and Biological Products [44] .
Patients in groups I and II had laboratory, hematology, and blood chemistry testing performed before treatment and within 24 hours after every rAd-p53 administration. Patients in groups I and III underwent the above examinations on the final day of each period of chemotherapy. Urine, stool, and serum samples were collected from patients in groups I and II. Serum samples were tested for the presence of anti-rAd-p53 immunoglobulin G. A cytopathic effect assay was used to detect the amount of vector disseminated in body fluids. Serum samples were analyzed for presence of anti-rAd-p53 antibody and vector within 24 hours and at 14 days after the initial infusion of rAd-p53, and at 1 month after the final rAd-p53 infusion.
Expression of wt-p53, Bax, and Bcl-2
Biopsy specimens were taken within 3 days prior to receipt of rAd-p53 treatment and at 3 days after treatment. The specimens were immediately fixed in 10% formalin, blocked in paraffin wax, and cut into 5-μm serial sections. Sections were examined using hematoxylin and eosin staining. Adjacent sections were evaluated for expression of wt-p53, Bax (a protein induced by p53), and Bcl-2 (a protein that is down-regulated by p53) by immunohistochemistry using specific antibodies. Immunostaining of carcinoma cells was assessed qualitatively and semi-quantitatively. Semi-quantitative analysis scored the staining into the following four classes: if less than 10% of cells were labeled, it was scored as −; 0% and less than 25% staining as +, between 25% and less than 50% staining as ++, and 50% or greater staining as +++. Immunostaining of the samples was assessed by two independent blinded observers. Variations between the two observers were determined to be less than 5%. After serial dilution of serum, the anti-p53 antibody titers were detected by ELISA assay.
Statistical analysis
Continuous variables in the three treatment groups were presented as mean ± standard deviation (SD) and compared using analysis of variance (ANOVA). Multiple comparisons between groups were performed by using the Bonferroni procedure with a type I error adjustment. Categorical variables were presented as numbers (percentages) and analyzed by the χ 2 test or Fisher's exact test. Moreover, ordinal data (tumor classification, International Union Against Cancer (UICC) stage, Bcl-2 expression, and tumor grading) was determined using the Kruskal-Wallis test. The paired t-test was used to assess the difference in minimum inhibitory dilution (MID, a measurement of rare cells and precursor white cells) and counts of whole blood cells, lymphocytes, neutrophil and platelets before and after treatment. Kaplan-Meier curves with log-rank tests were created to assess the survival rates for the three groups. All statistical assessments were two-sided. and a P-value of 0.05 was set as significant. Statistical analyses were performed using SPSS 15.0 statistical software (SPSS, Chicago, IL, USA).
Results
In this randomized, placebo-controlled, double-blind, phase III clinical trial, 99 patients with stage III or IV oral SCC were randomly assigned to group I (n = 35; rAd-p53 plus chemotherapy), group II (n = 33; rAd-p53 plus placebo chemotherapy), or group III (n = 31; placebo rAd-p53 plus chemotherapy). Baseline characteristics of the three groups were similar (Table 1 ). All tumors were SCC (presence of adenocarcinoma was an exclusion criterion). Most tumors were classified as T3 or T4, and were well balanced across the three groups. Each group included approximately 60% of patients with stage IVa, approximately 11% with stage IVb and 30% with stage III disease, based on the UICC TNM cancer staging system. The treatments were administered by intra-arterial infusion into the primary lesion. Because of financial reasons, seven patients dropped out of the study after randomization. Dropouts occurred during the early years of the study, reflecting the financial or coverage environment in the geographic area at that time. As a result, 33, 30, and 29 patients in groups I, II, and III, respectively, completed the study.
Treatment outcome
The primary lesions of 58 out of 92 patients responded to therapy, including 26 with CR and 32 with PD. The CR rate and the SD and PD rates were significantly different between the groups ( Table 2 ). The response rate (CR + PR) was 27/33 (82%) for group 1, 16/30 (53%) for group II and 15/29 (54%) for group III. The PR rates were similar for all three groups, at 33 to 35%. The CR rates were highest in group I: 16/33 (48%) had CR compared to 17% in groups II and III. It is notable that 10 of 23 patients in group I with stage IV disease were categorized as having CR. The rate of non-responders (SD or PD) in group I was significantly lower than that in groups II and III (P < 0.020). The non-responder rate in group I patients with stage IV disease was 17.4% versus 50% in both groups II and III (P = 0.028). Few of the patients with stage III disease were non-responders, and the non-responder rates between the groups were not significantly different (P = 0.645).
The median length of follow-up was 36 months (range 3 to 86 months). During follow-up, 16 patients in group I, 20 in group II, and 22 in group III died. There were three patients in group I, six in group II, and then in group III with post-treatment recurrence. Survival was evaluated for the entire population, and then for the patients with stage III or stage IV disease. A log-rank test for survival rate comparing the three groups indicated that group I had a significantly higher survival rate than group III (P = 0.050 for all groups; P = 0.065 for group I versus group II; P = 0.019 for group I versus group III) (Figure 2A ). The survival rate of patients with stage III oral cancer was significantly higher in group I than in group III ( Figure 2B ) (P = 0.046 for all groups; P = 0.121 for group I versus group II; P = 0.015 for group I versus group III). However, the survival rate of patients with stage IV did not significantly differ between the three groups ( Figure 2C ) (P = 0.367 for all groups; P = 0.215 for group I versus group II; P = 0.200 for group I versus group III).
Anti-rAd5 neutralizing antibody titers increased or became positive in all patients in groups I and II after the first infusion with rAd-p53 (group I: basal level 176 ± 103 to week 2 of treatment 2129 ± 1198; and group II: basal level 168 ± 101 to week 2 of treatment 2137 ± 1173, respectively). Antibody titers increased after administration of subsequent cycles of treatment; however, the antitumor activity of rAd-p53 was not affected by the neutralizing antibodies. No replication-deficient virus was detected in serum, urine, or sputum, suggesting that intraarterial infusion did not result in systemic distribution. An example of a patient with CR from group I is presented in Figure 3 . This 75-year-old male patient from group I had CR of the primary tumor mass after the treatment with chemotherapy and rAd-p53. Comparison of his pre-treatment and post-treatment CT images show that the pre-treatment tumor lesion ( Figure 3A ) had completely disappeared after the treatment ( Figure 3B ). In addition, the patient reported no discomfort. 
Adverse events
The most common treatment-related toxicities were transient flu-like symptoms (66 events) and bone marrow suppression (23 events). The majority of all groups experienced flu-like symptoms, especially the groups receiving rAd-p53 ( Table 2 ). The incidences of flu-like symptoms were not significantly different between the three treatment groups (P = 0.051). In addition, gene therapy alone (group II) did not induce bone marrow suppression, suggesting that this side effect was due to the chemotherapy.
The mean change from baseline in WBC count, and levels of lymphocytes, neutrophil granulocytes, and MID was significantly different between the three groups for UICC stage III and IV (Table 3 A change in WBC count was not found in the group II patients (Table 3) . Interestingly, the WBC declines in group I (rAd-p53+ chemotherapy) were significantly less than in group III (chemotherapy) ( Table 3) .
p53, Bax, and Bcl2 expression
Assessing the delivery of rAd-p53 to the tumor mass can be challenging because of the location of the biopsy. One option is to assess any changes in the expression of two transcriptional targets of p53, namely, Bax (a protein induced by p53) and Bcl-2 (a protein that is downregulated by p53) [45] . We examined the change in p53, Bax, and Bcl-2 expression in the biopsy specimens of the primary oral carcinoma tumor tissue between pretreatment and post-treatment stages by semi-quantitative immunostaining analysis (Figure 4) . In group I, high expression of p53 was detected after treatment ( Figure 4A ). Most primary tumor masses before treatment showed Bcl-2 expression in at least 25% of cells, but Bax expression in less than 10% of tumor cells (Table 1 ). The distribution of Bax and Bcl-2 before treatment was similar for the three groups (Table 1 ). Higher Bax levels were found after treatment in the primary tumor mass of 28/33 patients in group I (84.8%) and 27/30 patients in group II (90.0%) ( Figure 4B , Table 4 ), but only in 1/29 in group III. Higher Bax protein intensity was observed in all 19 patients achieving CR in groups I and II after receiving rAd-p53 treatment. Conversely, Bcl-2 immunostaining decreased in 30/33 patients (90.9%) in group I and 24/30 patients (80.0%) in group II ( Figure 4C , Table 4 ). No enhancement of Bax immunoreactivity was observed in 8 of 20 patients in groups I and II who did not show CR response to rAd-p53 treatment.
Discussion and conclusions
This single-center, randomized, placebo-controlled, doubleblind, phase III clinical study showed that intra-arterial infusion of rAd-p53 and chemotherapy is associated with significantly better outcomes than either treatment alone, with a three-fold advantage in CR rate of the primary tumor mass. The survival rate was significantly higher in group I patients (intra-arterial rAd-p53 plus chemotherapy) with UICC III oral cancer. Patients selected for this study did not undergo prior surgery or radiotherapy, and treatment outcomes were recorded before any posttreatment local management by surgery. For complete disclosure, we state that after recording of all outcomes, the percentage of patients who underwent surgery was similar Table 3 Change in whole blood cells, lymphocyte, neutrophil levels, MID and platelet counts between pre-treatment and the post-treatment for the three groups (n = 92) in group I (n = 10, 30.3%), group II (n = 7, 23.3%) and group III (n = 7, 24.1%) (P = 0.787), and two patients received both surgery and radiotherapy. Thus, survival rates and other outcomes were related to the study treatments, and were not influenced by other interventions. Immunohistochemical analysis of biopsy specimens showed increased levels of staining for wt-p53 protein in those patients who received infusion of rAd-p53. Exogenous p53 protein produced by rAd-p53 uptake, and expression in the primary lesion appeared to be functionally active in the approximately 80% of patients who had higher Bax and lower Bcl-2 expression in the post-treatment primary tumor samples. Our results emphasize that rAd-p53 activity is intimately related to outcome. These findings are similar to those of Li et al., who observed an increase in p21 in 14 of 22 rAd-p53-treated tumor samples, a decline in bcl-2 staining in 8 of 22 samples, and detectable apoptosis (by terminal dUTP nick end labeling (TUNEL) staining) in 18 of 22 samples [15] , suggesting that rAd-p53 intra-tumoral administration and p53 expression increased tumor cell death by apoptosis in most samples (81.8%). As an increase in Bax protein level was observed in all our patients achieving CR in groups I and II, we infer that p53 was expressed after rAd-p53 administration, and led to tumor cell death in these patients. The higher Bax expression is consistent with the rAd-p53-induced apoptosis observed by Li et al. [15] . By contrast, Bax immunoreactivity remained unchanged in approximately half of the patients in groups I and II who did not show CR to rAd-p53 treatment. Thus, these data suggest that the increase in Bax expression in the primary lesion was associated with the functional activity of the exogenous wt-p53 protein.
The p53 protein is a key element in the apoptotic signaling cascade, and a mutation in the p53 gene reduces the susceptibility of a cell to apoptosis. Alterations in p53 can occur early in carcinogenesis, and are maintained during progression to overt malignancy. Flooding this mutant gene with wt p53 via adenovirally mediated p53 gene therapy has provided a modest therapeutic benefit. Sensitivity of head and neck SCC (HNSCC) to rAd-p53 therapy was associated with p53 status [12] . High expression of mutated p53 in patients with recurrent HNSCC significantly decreased efficacy and tumor response of Ad-p53 gene therapy [12] . Conversely, low levels of p53 protein were favorable for p53 gene therapy in patients with recurrent HNSCC [12] . As expected, the p53 profiles predictive of efficacy of p53 gene therapy did not predict methotrexate response [12] . In the current study, we detected wt-p53 in the patients ( Figure 4A ), but we did not examine the mutated p53 expression profile. Figure 4 Immunohistochemical staining of p53, Bax, and Bcl-2 in the primary tumor tissues. Biopsies of primary lesion from patients in groups I, II and III were taken 3 days before the treatment (pre-treatment) and 3 days after the treatment (post-treatment), and processed for immunoreactivity to (A) p53, (B) Bax, and (C) Bcl-2. The p53 staining post-treatment is presented at ×100 magnification, whereas all other panels are presented at ×400 magnification. Compared with previous studies using intratumoral or intravenous infusion of rAd-p53 [10, 11, 36] , this study achieved higher overall clinical response rates with intraarterial administration. A comparison with our KaplanMeier plot shows that group II (rAd-p53 alone) was associated with longer median survival time than in the study of Clayman et al. [10, 11] . Direct comparison of outcomes is constrained because of differences in study populations (for example, our study excluded patients with refractory disease). However, the following factors may have contributed to our positive results. First, we delivered rAd-p53 and/or chemotherapy through selective intra-arterial infusion in a retrograde manner, which, compared with intravenous infusion, more accurately targets the tumor, increases the local effective therapeutic dosage, may distribute the rAd-p53 more evenly throughout the tumor, and is associated with fewer side effects. Second, the blood vessels feeding oral tumors are typically more anatomically apparent than in healthy tissue, which facilitates accurate delivery of drug to the target area. Indocyanine green fluorescence improve identification of the blood supply to the tumor [46] . Third, because greater rAd-p53 doses yielded better responses [10] , improved dose delivery via intra-arterial infusion may have contributed to the higher survival rate in patients with stage III oral carcinoma. Fourth, the physical status of our patients may have also contributed to survival, as our population was treatment-naive and did not have any morbidities resulting from toxicity or serious side effects associated with previous chemoradiotherapy or surgery.
The combination of intra-arterial rAd-p53 and chemotherapy showed a significantly greater treatment response and survival benefit compared with either treatment alone, consistent with a synergistic interaction. Combination of rAd-p53 with other forms of treatment has also significantly improved CR and patient survival. Weinrib et al. [47] suggested that rAd-p53 and cisplatin interact in an additive manner to kill C666-1 and CNE-1 cells. Somatic cell DNA damage inflicted by chemotherapy does not increase the risk of adenovirus DNA integration into genome. On the contrary, the non-specific induced DNA damage helps to activate the wt-p53 protein introduced by rAd-p53, with consequent synergistic effect [27] . If wt-p53 function is lost by down-regulation or mutation, chemotherapy is less effective [45] , which may explain the increased effectiveness of combination therapy. In this study, we did not see CR for cervical (neck) lesions in any of the groups, which might be related to the small number of patients. Despite the lack of statistical significance, we observed that for neck metastases, 15/33 group I patients (45.5%) achieved PR and 9/33 (27.3%) SD whereas 10/30 group II patients (33.3%) achieved PR and 8/30 (26.7%) SD, and (10/29 group III patients (34.5%) had PR and 5/29 (17.2%) SD. The higher percentage of PR in group I compared with groups II or III did not reach statistical significance. We propose that the following three criteria are necessary to enhance the efficacy of the treatment: 1) regular and sufficient administration of rAd-p53; 2) adequate local concentration of rAd-p53; and 3) combination of gene therapy with chemotherapy.
Results from other trials of rAd-p53 therapy have shown that rAd-p53 treatment appears safe and well-tolerated [10, 11, 15, 36, 48] . The limited dataset and statistical power in our small pilot study did not detect any novel safety concerns. Approximately 82% of patients who received intra-arterial infusion of rAd-p53 experienced flu-like symptoms and/or bone marrow suppression. The adverse events such as flu-like symptoms appeared to be associated with the adenovirus delivery vehicle itself rather than with the encoded exogenous wt-p53 gene, similar to previous studies [48] . A noteworthy finding of our study was that bone marrow suppression was significantly less common with rAd-p53 plus chemotherapy compared with chemotherapy alone. We propose that the mechanisms by which wt-p53 protein may reduce the chemotherapyinduced toxicity involves at least one of the following three pathways: 1) interaction of p53 protein with DNA helicase; 2) up-regulation of ribonucleotide reductase (p53R2) by p53; or 3) the 3′→ 5′ exonuclease activity of the p53 protein. However, further studies are warranted.
This study had several limitations. Although larger than previous investigations [10, 11] , this small clinical study (fewer than 40 patients were randomized to each group) of gene therapy for SCC was conducted at a single center. The low incidence of advanced (stage III/IV) oral carcinoma precluded recruitment of a larger study population. Nevertheless, the findings and protocol used in this study can be used to aid in designing a future larger multi-center clinical trial. Second, our study design did not contain a control group that received dosing through intratumoral or intravenous administration for direct comparison. Third, because the chemotherapeutic agent is a prodrug that must be metabolized in the liver into the active drug, intra-arterial delivery may also have reduced the effectiveness of chemotherapy. Fourth, the patients had a range of tumor characteristics (location, classification, stage). However, these potential sources of heterogeneity were minimized because the distribution of SCC was similar in the three groups. Disease heterogeneity did not appear to account for differences in outcomes among the three groups. Fifth, only patients with advanced disease (stage III or IV) who refused or were not suitable for surgery were enrolled. No patients with stage I or II disease were included, as most would have received surgical treatment. A treatment-naive population with advanced SCC does not reflect current, routine presentation in advanced industrialized countries. However, our study does provide proof of principle that intra-arterial infusion of rAd-p53 with chemotherapy has clinical benefit in advanced oral cancer. We are currently performing a clinical trial in which patients with advanced oral carcinoma receive chemotherapy and gene therapy after surgery.
In summary, the combination of gene therapy (rAD-p53) and chemotherapy produced significantly higher CR rates than either gene therapy alone or chemotherapy alone. These findings are consistent with a synergistic interaction, which has also been described in publications with other types of tumors. Interestingly, no significant adverse effects were found, and bone marrow suppression was significantly less common in group I (gene therapy plus chemotherapy) than in group III (chemotherapy alone). This study also demonstrated that the p53 protein delivered by gene therapy is functionally active in 80% of cases (based on analysis of Bax and Bcl-2 expression in primary tumor). This pilot study provides the proof of benefits of intra-arterial infusion for cancer gene therapy. These results are noteworthy, and suggest that intra-arterial infusion of combined rAd-p53 and chemotherapy is a viable strategy for the management of oral SCC, and may represent an alternative to chemoradiotherapy and surgery, which is the current standard of care.
